The highly dispersed metal (e.g. Au) nanoparticles have exhibited exceptional catalytic activity for several reactions, including CO oxidation. Their high catalytic activity has been attributed to nanoparticles nano-structural effects (including cluster thickness, shape, chemical information, and number of atoms of the cluster). The three dimensional exact structure and chemical bonding state of these supported nanoparticles is still challenging to be quantified by conventional methods due to their limitations in understanding size distribution of supported metal nanoparticles that are usually less than 1 nm (< 100 atoms). In this paper, the structure of Au heterogeneous catalysts has been successfully characterized by High Resolution Electron Microscopy (HREM), Z-contrast Scanning Transmission Electron Microscopy (STEM). The ligand protected Au 13 nanoparticles on TiO 2 support have been studied by ozone and thermal treatments to remove the ligands. The ozone removal method results in the truncated cuboctahedral structure while the thermal treatment results in the cuboctahedral structure. The ozone treatment yields less Au nanoparticles sintering than thermal treatment. Their FCC structure was confirmed by quantified Z-contrast STEM, HREM and its Fourier transformation.
INTRODUCTION
Due to their unique physical and chemical properties, especially catalytic behaviors, supported, nanometer-sized, metal particles (such as Au) continue to draw considerable attention in research. [1] [2] [3] [4] The properties of such ensembles of atoms, for all but the most special cases, remain very poorly defined. The structural habits that are not present in the bulk metal may emerge while the size decreases. [5, 6] The small metal nanoparticles can exhibit patterns of reactivity and catalytic activity that are dramatically distinct than behaviors seen with larger nanoparticles. It is therefore important in research to fundamentally understand and predict the local structure and stability of the catalytic particles.
A popular method to produce and stabilize the catalytic particles is to use phosphines or thiols to form a ligand shell around the metal cores to prevent them from aggregating. Gold nanoparticles containing 6, 8, 9, 10, 11, 13, 39, and 55 atoms have been reported by using this method. [7] [8] [9] In order to realize the high activity for CO oxidation, we deposited ligand-protected Au 13 nanoparticles onto anatase TiO 2 followed by treatments to remove the ligands while maintaining small particle size. The final catalytic particle structure after the ligands removal is systematically studied in this paper.
Electron microscopy is an essential tool in the study of nanoparticles since it allows their direct visualization. However, there are limitations to the technique that must be considered, especially for nanoparticles of the size described here (<1 nm). Of particular concern is the poor contrast between the sample substrate and the smallest metal nanoparticles, which tends to bias microscopic measurements towards any subpopulations of larger particles. In order to overcome this limitation we have collected electron micrographs using the High Angle Annular Dark Field (HAADF) STEM technique, also know as Z-contrast microscopy. [10] [11] [12] This method collects only the high-angle (typically >90 mrad), incoherently scattered electrons and excludes the lower-angle Bragg electrons. At these angles the ratio of high-Z/low-Z electron scattering cross sections is greater than that at low angles. [13] Thus, the contrast from sub-nanometer metal nanoparticles is greatly enhanced. In addition, with the exclusion of low angle Bragg electrons the intensity measured is proportional to the electron scattering cross-section of the cluster and shows a linear increase with the number of atoms in the cluster. The number of atoms in the cluster core can be determined simply by dividing the experimentally measured cluster cross section by the cross section5 of a single gold atom calculated theoretically using a partial-wave method. [11, 12] Combined with quantitative STEM images as well as the HRTEM results, we successfully determined the 3D structure of the supported nanoparticles.
EXPERIMENTAL TECHNIQUES
The focus of this proceeding is on the ligand ((PPh 3 ) 4 (SC 12 ) 4 ) protected Au 13 particles [14] on anatase TiO 2 (Au_TiO 2 ). Two different post-treatments -thermal and ozone exposure were used to remove the ligands. The 3D structure of Au particles in Au_TiO 2 after the ligand removal are systematically studied by Z-contrast STEM and HREM. The ozone generator is manufactured by Ozone Research and Equipment Corporation (OREC). The supported particles are put into the 0.15% ozone -O 2 flow (1-2 L/min) for one hour at room temperature. The total removal of the ligands was confirmed by synchrotron extended X-ray absorption of fine structure (EXAFS) [14] . For thermal treatment, the particles are kept at 400 o C for 36 hours at ambient condition to remove the ligands. The particles were suspended in acetone or toluene solutions and a drop of this liquid was deposited onto TEM grids with an ultrathin carbon film (Ted Pella, Inc.) to and then air-dried. The quantitative HAADF-STEM experiments were performed on a field-emission, Vacuum Generators HB501 STEM operated at 100 kV. Particle diameters were determined using the particle analysis routine included in the Gatan Digital Micrograph™ software package. Particle intensities were measured by first subtracting the background scattering from the carbon substrate by subtracting the out-of-focus image from the corresponding particle image. [11] [12] The integrated particle signal was determined using Digital Micrograph™ by drawing a circle around the individual particle and integrating the intensity in this area. The HRTEM experiments were done in JEM 2010F system. Fourier transformation (FFT) was performed in an offline Gatan Digital Micrograph™ software. diameter of Au 13 cluster, is mostly retained. The effects of the support on the structure of the Au 13 clusters should be limited since they are surrounded with ligands. Hence, the distribution of the ligand-protected Au nanoparticles should be centered on 13-atom Au clusters, which is confirmed by quantitative Z-contrast. [14] In order to remove the ligands from the deposited clusters to simulate a real catalytic system, we first used the traditional thermal treatments to remove the ligands. Figure 1b shows HAADF-STEM image of Au nanoparticles after the thermal treatment, where the average size is 2.7 nm and the average number of atoms is 338 corresponding to 26 clusters of Au 13 nanoparticles. In an attempt to prevent agglomeration of the nanoparticles, we also used ozone to remove the ligands as shown in Figure 1c . The average size is 1.2 nm with 40 numbers of atoms. The total removal of the ligands is confirmed by EXAFS result. [14] By comparing Figures 1b and 1c , the ozone treatment leads to less agglomeration of the Au nanoparticles than that by thermal treatment. The HRTEM observation (Figure 1d ) of the Au nanoparticles after the ozone treatment revealed that it has truncated cuboctahedral structure. The Fourier transformation (FFT) on the image of Au nanoparticle is shown in the inset of Figure  1d indicated that it has face center cubic (FCC) structure, as expected for a cuboctahedral arrangement. Figure 3 . At least 100 particles were counted for both distribution statistics. Figure 2 shows that the thermal treatment has caused the Au nanoparticles average diameter increase to 2.7 nm, and the average atom counts increase to 338. Figure 3 indicates the average particle size after the ozone treatment is smaller on average and has a narrower range of sizes centered on an average particle dimension of 1.2 nm, and the average atom counts per particle is only 40 atoms ( 3 of Au 13 particles sintered after reactions initially for Au, and this could be confusing). Figure 4b shows the atom counts vs. diameter of the Au particles after the ozone treatment, the fitting suggests the Au nanoparticles have truncated CO structure which is clearly confirmed by HRTEM in Figure 1 .
RESULTS AND DISCUSSION

CONCLUSIONS:
The structure of Au heterogeneous catalysts has been successfully characterized by HREM, Z-contrast HAADF-STEM. The ligand protected Au 13 nanoparticles on TiO2 support have been studied by ozone and thermal treatments to remove the ligands. The ozone removal method results in the truncated CO structure while the thermal treatment results in the cuboctahedral structure with bigger size. Their FCC structure was confirmed by quantified Z-contrast HAADF-STEM, HREM and its Fourier transformation.
